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Abstract: Zinc is an essential micronutrient and plays an important role in maintaining intestinal epithelial integrity.  
Increasing evidence support that zinc homeostasis has significant impact on the intestinal barrier via regulation of epithelial 
tight junction proteins. Intestinal barrier plays a critical role in the prevention of endotoxin penetration from the intestinal 
lumen to the blood. Disruption of the intestinal barrier leads to elevation of blood endotoxin level, namely endotoxemia. 
Endotoxemia may lead to proinflammatory cytokine production and inflammation, thereby being an etiological factor in 
the pathogenesis of alcoholic liver disease (ALD). Recent studies demonstrated that oxidative stress and zinc deficiency 
correlate well with alcohol-induced gut leakiness. Alcohol exposure induces oxidative stress which, in turn, releases zinc 
from proteins. Hepatocyte nuclear factor-4  (HNF-4 ) is a zinc finger transcription factor which abundantly distributes in 
the intestine, particularly the distal intestine. Inactivation of HNF-4  correlates well with alcohol-induced down-
regulation of tight junction proteins. This review discusses mechanisms involved in alcohol-induced intestinal epithelial 
barrier disruption with emphasis on the relationship among oxidative stress, zinc deficiency, and HNF-4  inactivation.  
Keywords: Zinc deficiency, HNF-4  get permeability, alcoholic liver disease. 
INTRODUCTION 
 Zinc is the second most abundant trace element in the 
body next to iron. Zinc critically participates in a variety of 
cellular functions such as metabolism, cell signaling and 
gene expression. While zinc ion alone may have antioxidant 
property by its antagonism to transitional metals in free radi-
cal formation [1], zinc impacts cellular functions mainly by 
binding to large number of proteins including enzymes, tran-
scription factors and structural proteins. Zinc commonly 
binds to cysteine and/or histidine residues to form zinc/sulfur 
complex, a catalytic or a structural site of proteins [2, 3]. 
However, the zinc/sulfur binding sites are redox sensitive, 
and zinc release from its binding sites will lead to inactiva-
tion of proteins. Reactive oxygen species (ROS) have been 
shown to release zinc from the zinc finger, leading to loss  
of DNA binding activity of zinc finger transcription factors 
[4, 5]. Under chronic disease condition, sustained oxidative 
stress may not only inactivate zinc proteins, but also reduce 
the total zinc concentrations in organs, i.e. zinc deficiency.  
 Recent studies provide strong evidence that zinc critically 
regulates epithelial tight junction proteins and the epithelial 
barrier in a variety of epithelial cells [6-13]. Epithelial bar-
rier is known to play an important role in macromolecule 
transport and organ function. In particular, the intestinal bar-
rier prevents endotoxin penetration from the intestinal lumen 
to the blood, thereby serving as a systemic guarder. Disrup-
tion of the intestinal barrier and development of endotoxemia 
have been reported in disease conditions such as enterotitis,  
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and alcoholic and non-alcoholic steatohepatitis [14-17]. Zinc 
plays a critical role in regulation of the intestinal barrier in-
tegrity and epithelial repair [18]. This review discusses 
mechanisms involved in alcohol-induced intestinal epithelial 
barrier dysfunction with emphasis on the relationship among 
oxidative stress, zinc deficiency, and HNF-4  inactivation.  
ALCOHOL-INDUCED GUT LEAKINESS 
 ALD is a common health problem, but the mechanisms 
of how alcohol induces liver damage have not been fully 
understood. Increasing evidence support that the extra-
hepatic factors such as endotoxin may critically contribute to 
alcohol-induced liver damage [19]. Endotoxins are derived 
from the cell wall of Gram-negative bacteria that inhabit the 
lumen of the terminal intestine. Endotoxins normally pene-
trate the gut epithelium only in trace amounts; however, the 
penetration can be accelerated under pathophysiological 
conditions, leading to the elevation of blood endotoxin level, 
namely endotoxemia. Endotoxemia has been well docu-
mented in patients with ALD [20], and the blood endotoxin 
levels correlate well with TNF-  levels and the severity of 
ALD [21-23]. Animal studies demonstrated that abrogating 
endotoxin signal cascade in the liver by inhibition of Gram-
negative bacteria with probiotics and antibiotics [24, 25] or 
neutralization of circulating endotoxin [26], led to attenua-
tion of alcohol-induced cytokine production and liver dam-
age. These findings suggest that endotoxemia is an important 
determinant in the pathogenesis of ALD.  
 Intestinal barrier dysfunction has been repeatedly re-
ported in alcohol-induced endotoxemia and liver damage. 
Alcoholic patients showed increased gut permeability to a 
variety of permeability markers, such as polyethyleneglycol,
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lactulose/mannitol, or 
51
CrEDTA [27-30]. In animal studies, 
gut permeability to macromolecules such as horse radish 
peroxidase was also increased in association with alcohol-
induced endotoxemia and liver damage [31-35]. Orally ad-
ministrated lipopolysaccharide can be detected in the plasma 
of alcohol-intoxicated mice but not in the control mice [36]; 
this provides direct evidence that disruption of the intestinal 
barrier is responsible for alcohol-induced endotoxemia. A 
recent study showed that the gut leakiness in mice after 
chronic alcohol exposure occurs in the ileum, but not in the 
duodenum or jejunum, suggesting that the distal intestine 
may play an important role in the development of alcoholic 
endotoxemia [12]. Previous studies showed that intestinal 
histopathological alterations such as loss of epithelial cells at 
the top of the intestinal villi were associated with acute alco-
hol intoxication-induced intestinal barrier disruption [36]. 
However, chronic alcohol exposure reduced the distribution 
of tight junction proteins, but did not significantly affect the 
intestinal histopathology [12]. Thus, disassembly of tight 
junction proteins is likely a causal factor in the pathogenesis 
of chronic alcohol exposure-induced intestinal barrier dys-
function. 
ALCOHOL-INDUCED DISASSEMBLY OF INTESTI-
NAL TIGHT JUNCTION PROTEINS 
 The intestinal barrier is composed of the mucosal epithe-
lial cells and the paracellular apical junction complex, in 
particular the most apical tight junctions [37]. Tight junc-
tions seal the intercellular space to prevent the diffusion of 
macromolecules such as endotoxin from the intestinal lumen 
into the blood. Tight junctions are composed of several 
transmembrane proteins such as occludin and claudins and 
intracellular molecules such as zonula occludens 1 (ZO-1) 
[38]. The interactions of the cell surface molecules ensure 
intercellular adhesion and regulate paracellular permeability. 
Disruption of proteins at the tight junctions will result in 
dysfunction of the intestinal barrier to allow the diffusion of 
endotoxin from the intestinal lumen into the blood. Recent 
studies demonstrated that disruption of tight junction  
proteins appears to be a common mechanism involved
 
in the 
pathogenesis of endotoxemia in a number of gastrointestinal 
diseases
 
such as ALD, inflammatory bowel disease and  
celiac disease [30, 39, 40].  
 Alcohol exposure has been reported to disassemble tight 
junction proteins of the intestinal epithelium in association 
with epithelial barrier dysfunction. Alcohol exposure in 
Caco-2 cells produced a progressive disruption of tight junc-
tion protein ZO-1 with separation of ZO-1from the cellular 
junctions, leading to formation of large gaps between adja-
cent cells [8]. Alcohol exposure also produced a disassembly 
and displacement of perijunctional actin and myosin fila-
ments from the perijunctional area [8]. Alcohol consumption 
in human and animals also increased the colon acetaldehyde 
level [41, 42]. Acetaldehyde exposure in Caco-2 cells dis-
rupted the epithelial barrier in association with disassembly 
of tight junction proteins [43]. Inhibition of alcohol metabo-
lism by 4-methylpyrazole attenuated alcohol-induced epithe-
lial barrier disruption in Caco-2 cells, suggesting that acetal-
dehyde is more harmful than ethanol (our unpublished data). 
Colon biopsies from patients with ALD exhibited a reduction 
of the ZO-1 protein levels in comparison with normal sub-
jects [44]. Our recent study [12] demonstrated a reduced 
distribution of tight junction proteins, occludin (Fig. 1A) and 
ZO-1, in the distal intestine in association with increased gut 
permeability (Fig. 1B) and plasma endotoxin level (Fig. 1C) 
in mice chronically fed alcohol. Thus, disassembly of tight 
junction proteins is likely an important mechanism underly-
ing alcohol-induced intestinal barrier dysfunction. 
OXIDATIVE STRESS AND ZINC DEFICIENCY IN 
ALCOHOL-IMPAIRED INTESTINAL EPITHELIAL 
BARRIER 
 Oxidative stress has been a major research focus in un-
derstanding the mechanism of how alcohol exposure inter-
feres with the epithelial barrier. Alcohol exposure has been 
shown to induce oxidative stress in association with in-
creased activities of cytochrome P450 2E1, xanthine oxi-
dase, and inducible nitric oxide synthase [35, 45, 46] in the 
intestine. Oral administration of antioxidants attenuated al-
cohol-induced gut leakiness [32, 34, 47, 48]. ROS and nitric 
oxide production in Caco-2 cells were detected after alcohol 
treatment, and oxidation and nitration of tubulin was found 
in association with epithelial barrier disruption [49]. Further 
studies showed that hydrogen peroxide (H2O2) and peroxyni-
trite (ONOO ) are responsible for oxidative modification of 
tight junction proteins [50-52]. NF- B activation plays a 
critical role in oxidant-induced epithelial barrier dysfunction 
[53]. Treatment with antioxidants such as L-cysteine, super- 
oxide dismutase and rebamipide, iNOS inhibitors, and 
growth factors such as epididymal growth factor or TGF-  
inhibited alcohol-induced ROS accumulation, tubulin  
nitration and epithelial barrier dysfunction [53-55]. These 
findings suggest that oxidative stress is a causal factor in 
alcohol-induced epithelial barrier disruption. 
 Increasing evidence suggest that oxidative stress disturbs 
cellular zinc homeostasis, leading to zinc deficiency [56]. 
Zinc deficiency has been well documented in patients with 
ALD, and the zinc levels in the serum and liver of patients 
with ALD were significantly lower than that of normal  
controls [57]. Our recent study demonstrated that zinc  
deficiency was associated with alcohol-induced oxidative 
stress and intestinal barrier disruption [12]. Chronic alcohol 
exposure in mice caused significant accumulation of ROS in 
the ileum, but not in the duodenum or jejunum (Fig. 2A), 
which correlated well with the measurements of gut perme-
ability. Interestingly, the zinc levels in the ileum, but not  
in the duodenum or jejunum, were decreased by chronic  
alcohol exposure (Fig. 2B). Based on the fact that the mice 
were fed a zinc adequate diet in this study [12], the negative 
correlation between ROS and intestinal zinc level indicates 
that oxidative stress is likely the cause of alcohol-induced 
zinc deficiency in the intestine.  
IMPACT OF ZINC DEFICIENCY ON THE INTESTI-
NAL EPITHELIAL BARRIER 
 Prolonged zinc deficiency has been shown to induce 
morphological astrophy of intestinal mucosa [58]. Recent 
studies demonstrated a direct link between zinc deficiency 
and intestinal epithelial barrier dysfunction. Caco-2 cells 
cultured in zinc deficient medium exhibited a decrease in 
epithelial barrier function as indicated by lower values of 
trans-epithelial electronic resistance [8]. Zinc deficiency 
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Fig. (1). Intestinal barrier dysfunction in mice chronically fed alcohol for 4 weeks. A. Immunofluorescence microscopy of the ileal tight junc-
tion protein, occludin. Arrowheads indicate the disappearance of occludin. Scale bar: 30 μm. B. Intestinal permeability. The penetration of 
intra-lumen FITC-Dextran (mw 4,000) to the incubation buffer was determined after incubation of the intestinal sac of duodenum, jejunum 
and ileum for 20 min. C. Plasma endotoxin. Endotoxin levels were measured by the limulus ameobocyte lystate method. Results are means ± 
SD (n=6-8). * Significantly different (p<0.05, t-test) from the pair-fed mice. PF: pair-fed, AF: alcohol-fed. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (2). Intestinal ROS accumulation and zinc concentrations in mice chronically fed alcohol for 4 weeks. A. Fluorescence microscopy of 
ROS. Cryostat intestinal sections were incubated with dihydroethidium at 5 μM and red fluorescence was formed in the nuclei upon oxidation 
by ROS. Scale bar: 40 μm. B. Intestinal zinc concentrations. Total zinc was measured by atom absorption spectroscopy. Results are means ± 
SD (n=6-8). * Significantly different (p<0.05, t-test) from the pair-fed mice. ROS: reactive oxygen species. 
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caused delocalization of junction proteins including ZO-1, 
occludin, -catenin and E-cadherin, and disorganization of 
cytoskeleton proteins including F-actin and -tubulin. The 
protein levels of ZO-1, occludin and -tubulin were also 
reduced by zinc deficiency. In addition, zinc deficiency 
caused a dephosphorylation of occludin and hyperphos-
phorylation of -catenin and ZO-1 [8]. Zinc deficiency also 
accelerated neutrophil migration through the Caco-2 mono-
layer, and stimulated secretion of IL-8, epithelial neutrophil 
activating peptide-78, and growth-related oncogen-alpha [8]. 
These results suggest that zinc deficiency has deleterious 
effects on the epithelial barrier through impairing epithelial 
integrity and inducing inflammatory cell infiltration.  
 A Caco-2 alcohol exposure model was used to define the 
link among oxidative stress and zinc deprivation in alcohol-
induced disruption of epithelial barrier [12]. Alcohol expo-
sure increased cellular ROS and free zinc level in association 
with epithelial barrier disruption in Caco-2 cells (Fig. 3A). 
Supplementation with N-acetyl-cysteine (NAC) reduced 
cellular ROS and free zinc level in association with attenuat-
ing alcohol-induced epithelial barrier disruption (Fig. 3B). 
These data suggest that zinc release from zinc proteins could 
be a downstream molecular event of oxidative stress in alco-
hol-induced epithelial barrier disruption. To define the link 
between zinc and epithelial junction proteins, Caco-2 cells 
were cultured under zinc deficient condition which was 
achieved by adding a zinc chelator, N,N,N',N'-tetrakis(2-
pyridylmethyl)ethylenediamine (TPEN), in the media [12]. 
TPEN treatment impaired epithelial barrier function in a 
dose-dependent manner. Measurements of tight junction 
proteins demonstrated that zinc deficiency reduced the inter-
cellular distribution (Fig. 4A) and protein levels (Fig. 4B) of 
occludin and other tight junction proteins including claudin-
1 and ZO-1. To eliminate the possible involvement of oxida-
tive stress in the action of zinc deficiency, NAC was used to 
inhibition of oxidative stress. While inhibition of oxidative 
stress attenuated alcohol-induced cellular zinc release and 
epithelial barrier dysfunction, NAC treatment did not improve 
zinc deficiency-induced epithelial barrier dysfunction. These 
results indicate that the deleterious effects of zinc deficiency 
on the epithelial barrier integrity and function could be  
independent of oxidative stress. However, oxidative stress is 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (3). Association of zinc release with ROS generation in alcohol-induced epithelial barrier disruption in Caco-2 cells. A. Fluorescence 
microscopy of ROS and free zinc. Caco-2 cells were cultured on chamber slides and treated with 5% ethanol (v/v) for 5 hr in the presence or 
absence of 2 mM NAC. ROS and free zinc were detected by fluorescent microscopy after incubation with dihydroethidium (5 μM) or Zin-
quin (25 μm), respectively. Scale bar: 25 μm. B. Effect of NAC on alcohol-induced epithelial barrier disruption. Caco-2 cells were treated 
with 5% ethanol with or without 2 mM NAC pretreatment. Results are means ± SD (n=8). Significant differences (p<0.05, ANOVA) are 
identified by different letters. Ctrl: Control. EtOH: Ethanol. NAC: N-acetyl-cysteine. TEER: Trans-epithelial electronic resistance. 
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likely a major cause in alcohol-induced intestinal zinc  
deficiency. The relation between ROS and zinc deficiency  
in alcohol-induced intestinal barrier dysfunction could be 
that ROS reduce cellular zinc, and zinc deficiency, in turn, 
disassembles tight junction proteins. 
 Alcoholics commonly have a lower zinc intake [59]. To 
determine if zinc deficiency might interact with alcohol to 
induce epithelial barrier dysfunction, Caco-2 cells were cul-
tured under minor zinc deficiency (2 μM TPEN) condition, 
followed by treatment with alcohol [12]. Alcohol treatment 
reduced the distribution of claudin-1, occludin and ZO-1 at 
the tight junctions, while minor zinc deficiency alone did not 
affect the tight junction proteins. However, Caco-2 cells 
treated with alcohol and minor zinc deficiency showed a 
dramatic reduction of tight junction proteins including 
claudin-1, occludin and ZO-1 in both intercellular distribu-
tion and protein levels in comparison with alcohol alone 
[12]. In accordance, Caco-2 cells treated with zinc deficiency 
and alcohol showed significantly lower trans-epithelial  
electronic resistance and higher FITC-dextran permeability 
than alcohol alone [12]. These data suggest that minor  
dietary zinc deficiency may not directly affect the intestinal 
barrier but sensitize the deleterious actions of alcohol on the 
intestinal barrier.  
HNF-4  INACTIVATION AND ALCOHOL-INDUCED 
DOWN-REGULATION OF TIGHT JUNCTION  
PROTEINS  
 HNF-4 , a zinc finger transcription factor, is mainly ex-
pressed in the liver, intestine, pancreas and kidney. HNF-4  
has been shown to be essential for enterocyte differentiation 
[60, 61]. Although the role of HNF-4  in the pathophysiol-
ogy of intestinal diseases has not been well defined, a recent 
study showed that knockout of HNF-4  in the intestinal 
epithelial cells in mice increased the susceptibility to  
experimental inflammatory bowl disease [60]. Importantly, 
the intestinal permeability was significantly higher in the 
intestinal epithelial HNF-4  null mice in acute colitis. A 
recent study reported that HNF-4  inactivation is likely a 
novel molecular mechanism underlying alcohol-induced 
disassembly of tight junction proteins and dysfunction of the 
epithelial barrier [62].  
 HNF-4  was detected in all the segments of the gastroin-
testinal tract except for the stomach [62], and its distribution 
gradually increased along the intestine from the proximal to 
the distal. In contrast, two other important intestinal zinc 
finger transcription factors, GATA-4 and SP1, were exten-
sively distributed in the stomach, gradually decreased along 
the small intestine, and absent in the cecum and colon. Be-
cause chronic alcohol exposure caused zinc deficiency and 
gut leakiness in the distal intestine [12], HNF-4  is poten-
tially related in alcohol action. Indeed, chronic alcohol expo-
sure significantly inhibited HNF-4  DNA binding activity in 
all the intestinal segments, and the most prominent effect 
was in the ileum; a 70% decrease in DNA binding activity 
compared with 20-30% decreases in the duodenum, jejunum 
and colon (Fig. 5A). In accordance, chronic alcohol exposure 
significantly decreased HNF-4  protein levels in all the in-
testinal segments with the greatest reduction in the ileum 
(Fig. 5B). Most importantly, a highly positive correlation 
was found between the intestinal HNF-4  mRNA and the 
intestinal tight junction protein mRNAs, claudin-1 (r=0.697), 
occludin (r=0.547) and ZO-1 (r=0.586) [62]. 
 Caco-2 cell culture studies further defined the role of 
HNF-4  in regulation of tight junction proteins and epithe-
lial barrier function [62]. Knockdown of HNF-4  by siRNA 
transfection resulted in decreases in intercellular distribution 
(Fig. 6A) and protein levels (Fig. 6B) of occludin and other 
junction proteins in association with disruption of the epithe-
lial barrier function. While previous studies demonstrated 
 
 
 
 
 
 
 
 
 
 
Fig. (4). Effect of zinc deprivation on the epithelial barrier of Caco-2 cells. Caco-2 cells were cultured on inserts and treated with TPEN at 2, 
3 and 4 μM or 4 μM TPEN plus 100 μM zinc for 24 hr. A. Distribution of tight junction protein, occludin, was examined by immunofluores-
cence microscopy. Scale bar: 25 μm. B. Occludin protein level was determined by immunoblot analysis. Immunoblot bands were quantified 
by densitometry analysis and the ratio to GAPDH was calculated by setting the value of controls as one. Results are means ± SD (n=4). Sig-
nificant differences (p<0.05, ANOVA) are identified by different letters. TPEN: N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine. 
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Ser/Thr phosphorylation- and microRNA (miRNA)-
dependent post-transcriptional mechanisms in alcohol-
induced disassembly of tight junction proteins, HNF-4  in-
activation represents a transcriptional mechanism underlying 
alcohol effect on the epithelial barrier. Because alcohol-
induced HNF-4  inactivation could be prevented by either 
NAC or zinc supplementation (Fig. 7A), HNF-4  inactiva-
tion is likely mediated by oxidative stress and zinc defi-
ciency. Experimental zinc deprivation by TPEN suppressed 
HNF-4  activity in a dose-dependent manner, but did not 
affect HNF-4  protein level (Fig. 7B). Therefore, loss of 
zinc from the zinc finger of HNF-4  due to oxidative stress 
is likely a direct cause of HNF-4  inactivation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (5). Intestinal HNF-4  in mice chronically fed alcohol for 4 weeks. A. HNF-4  function was assessed by measuring DNA binding activity 
with a Trans-AM™ HNF Family Transcription Factor ELISA Kit. B. HNF-4  protein levels were measured by immunoblot analysis. The im-
munoblot bands were quantified by densitometry analysis. Results are means ± SD (n=6 in A; n=3 in B). Significant differences (p<0.05) among 
intestinal segments were determined by ANOVA and indicated by different letters. Significant differences (p<0.05) between alcohol-fed and 
pair-fed mice for each intestinal segment were determined by t-test and indicated by *. 
 
 
 
 
 
 
 
 
 
Fig. (6). Effects of HNF-4  siRNA transfection on tight junction proteins. Caco-2 cells were transfected with HNF-4  siRNA for 24 hr. A. 
Immunocytochemical staining of occludin. Scale bar: 25 m. B. Immunoblot analysis of occludin protein level. The immunoblot bands were 
quantified by densitometry analysis. Results are means ± SD (n=3). Significant differences (p<0.05) between control siRNA and HNF-4  
siRNA were detected by t-test and are indicated by *. 
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ZINC SUPPLEMENTATION IN CONTROL OF GUT 
PERMEABILITY 
 Zinc supplementation has been shown to tighten the 
leaky gut under a variety of disease conditions. Patients with 
Crohn’s disease showed an increase in gut permeability as 
indicated by a higher lactulose/mannitol ratio, which was 
attenuated by oral zinc sulfate supplementation for 8 weeks 
[63]. Oral zinc supplementation in patients with acute shigel-
losis or diarrhea improved the intestinal barrier function as 
indicated by reduction of lactulose:mannitol ratio [64, 65]. 
Evaluation of the tight junction ultrastucture by electron mi-
croscopy demonstrated that dietary zinc supplementation to 
rats with colitis reduced the number of opened tight junction 
complexes in the colon epithelium [66]. Zinc supplementa-
tion also prevented epithelial barrier dysfunction in associa-
tion with indomethacin-induced of small intestine injury in a 
human study [67]. While zinc is known to stimulate prolif-
eration and repair of the intestinal epithelium, these findings 
indicate that zinc also tightens the gut at subcellular level. 
 The effects of zinc pretreatment on alcohol-induced leaky 
gut were tested in a mouse model of acute alcohol intoxica-
tion [36]. Mice were treated with three doses of ZnSO4 at 5 
mg elemental zinc/kg in a 12-hr interval prior to an oral dose 
of alcohol. Alcohol intoxication elevated plasma endotoxin 
level, which correlated well with liver pathological changes. 
Zinc pretreatment abrogated alcohol-induced endotoxemia 
and liver damage [36]. To determine the effect of alcohol 
intoxication and zinc supplementation on the gut permeabil-
ity, endotoxin was administrated by gavage and the plasma 
level of endotoxin was measured. Alcohol treatment signifi-
cantly increased the penetration of intragastrically adminis-
trated endotoxin to the blood, which as attenuated by zinc 
supplementation [36]. Therefore, zinc prevention of in-
creased intestinal permeability is importantly involved in the 
inhibition of alcohol-induced liver damage in mice.  
CONCLUSION 
 Disruption of the intestinal barrier is a causal factor in the 
development of alcoholic endotoxemia and hepatitis. 
Disassembly and/or reduction of proteins consisting of the 
apical junction complexes, particularly the tight junctions, 
are important mechanisms underlying the alcohol action on 
the intestinal barrier. Intestinal zinc deficiency correlates 
well with oxidative stress, decrease in tight junction proteins 
and increase in gut permeability. A mechanistic link could be 
that alcohol exposure via oxidative stress induces cellular 
zinc deficiency which, in turn, down-regulates tight junction 
proteins and causes epithelial barrier dysfunction. Zinc sup-
plementation provides beneficial effects on gut permeability 
in a variety of disease conditions including ALD. Zinc criti-
cally modulates expression of tight junction proteins, thereby 
affecting the epithelial barrier. HNF-4  is a zinc finger tran-
scription factor and abundantly distributes in the distal intes-
tine. Inactivation of HNF-4  correlates well with alcohol-
induced down-regulation of tight junction proteins in the 
intestine. Zinc release under oxidative stress accounts for 
alcohol-induced HNF-4  inactivation. Therefore, zinc defi-
 
 
 
 
 
 
 
 
 
 
 
Fig. (7). Effects of alcohol and zinc deficiency on HNF-4  protein and function in Caco-2 cells. For alcohol treatment, Caco-2 cells on Day 
21 were exposed to 5% alcohol for 24 hr, and NAC and zinc were supplemented to determine the role of oxidative stress and zinc depriva-
tion. For zinc deficiency study, Caco-2 cells on Day 21 were treated with TPEN at 2, 3 and 4 μM or 4 μM TPEN plus 100 μM zinc for 24 hr. 
HNF-4  protein levels were determined by immunoblot analysis. The immunoblot bands were quantified by densitometry analysis. HNF-4  
function was assessed by measuring HNF-4  DNA binding activity with a Trans-AM™ HNF Family Transcription Factor ELISA kit. A. 
Effects of alcohol on HNF-4 . B. Effects of zinc deficiency on HNF-4 . Results are means ± SD (n=6 for DNA binding analysis; n=3 for 
immunoblot analysis). Significant differences (p<0.05) were determined by ANOVA and are indicated by * for immunoblot analysis and by 
different letters for DNA binding analysis. 
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ciency and HNF-4  inactivation are likely a novel mecha-
nism underlying alcohol effects on tight junction proteins at 
transcriptional level.  
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